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Focusing on a one-pot heterogeneous process, we synthesized a promising mixed cellulose ester,
cardanol-bonded cellulose thermoplastic, with bonding a short side chain (acetyl) and a long one (a
derivative of cardanol). In the heterogeneous process, reaction solvents are important factors in the
reactivity of long and short side chain moieties on cellulose. Investigating various kinds of solvents, we
found that the solvents’ afﬁnity for cellulose was an important parameter for the reactivity of long side
chain moiety, and the polarity of solvents affected the reaction ratio of long and short chain moieties.
Especially, when the middle-basic type of the solvent such as N,N-dimethylformamide or N-methyl-
pyrrolidone was used, the obtained thermoplastics had adequate degree of substitutions of long and
short chain moieties, and sufﬁcient mechanical properties (50 MPa of bending strength, and 1.4 GPa of
bending modulus) to use in durable products such as electric devices in addition to general products.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Increasing environmental awareness has accelerated research
and development on bioplastics from renewable resources [1e4].
However, while current leading bioplastics, such as polylactic acid
(PLA), primarily use feed grains as renewable plant resources, the
possibility of future food shortages has emphasized the importance
of using non-edible plant resources to produce bioplastics. We have
produced novel bioplastics for use in durable products by mainly
using two readily procurable inedible plant resources: cellulose,
very abundant renewable polymer in the world [5,6], and cardanol,
a uniquely structured phenol derivative with a long unsaturated
hydrocarbon chain, derived from cashew nutshells generated in
large amounts as a byproduct [7].
Esteriﬁcation is commonly used to produce thermoplastics from
cellulose, primarily by using short chain acids such as acetic, pro-
pionic, and nitric acids. These classical cellulose esters are mainly
used in ﬁlms, ﬁbers and ﬁlters, and are normally melt-processed
with large amounts of external plasticizers that enlarge the pro-
cessing window between the melting and degradation. Iwata), m-iji@bk.jp.nec.com
r Ltd. This is an open access articletemperatures. However, using these thermoplastics in durable
products has been restricted because external plasticizers can be
prone to extraction or volatilization, and reduce the ﬂexural
strength and heat resistance of cellulose ester composites.
Confronted by this problem, many researchers have attempted
to thermoplasticize cellulose by bonding long acyl chains as inter-
nal plasticizers [8,9], and the effect of chain length and amount on
several properties has been comprehensively investigated [10,11].
Cardanol, a principal organic ingredient (about 30 wt%) in
cashew nutshells, is made of inedible plant resources that could be
stably supplied. In processing cashew nuts, large quantities of shells
are generated as an inedible byproduct. Cardanol is a very prom-
ising candidate as a long acyl chains combined with cellulose to
produce bioplastics. We have studied it for applications to novel
cardanol-bonded cellulose thermoplastics [12,13]. As can be seen
from Fig. 1, the thermoplastic is a mixed cellulose ester with a 3-
pentadecylphenoxy acetyl (PA) group derived from cardanol as a
long side chain and acetyl (Ac) group as a short chain. Bonding this
unique long chain resulted in a bioplastic with good thermoplas-
ticity, high strength, and high heat and water resistance, which
were superior to those of conventional cellulose resins such as
cellulose diacetate (CDA) with plasticizers. We demonstrated the
possibility that the thermoplastic cellulose could be used for du-
rable products such as electronic devices [14e16]. However, this
mixed cellulose ester was synthesized from CDA, which wasunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Schematic of cardanol-bonded cellulose thermoplastic.
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after CDA was dissolved in a reaction solvent. This homogeneous
process was not practical due to the requirement for an onerous
two-step procedure from cellulose (CDA synthesis and PA bonding).
We focused on a simple one-pot heterogeneous process to
synthesize cardanol-bonded cellulose thermoplastics. Although
there are some one-pot homogeneous process such as N,N-dime-
thylacetamide (DMAc) and lithium chloride (LiCl) system [17], the
heterogeneous process does not require the complicated pretreat-
ment method which is required in the homogeneous process to
dissolve cellulose clearly. Moreover, the heterogeneous process
does not require adding the special salts, which are expensive and
difﬁcult to recycle. Then, the heterogeneous process is more prac-
tical than the homogeneous process. Many attempts have been
made to synthesize cellulose esters with long side chains in het-
erogeneous processes, as have been published in several reviews
[18,19]. In the heterogeneous process, various practical solvents can
be selected because it is not necessary to dissolve cellulose before
the reaction. The reaction solvent in this process is an important
factor in the reactivity of long and short side chain moieties on
cellulose. However, there has been limited empirical knowledge
and few systematic studies on solvent effects for the synthesis of
cardanol-bonded cellulose thermoplastics.
In this paper, cardanol-bonded cellulose thermoplastics were
synthesized in the one-pot heterogeneous process, and the solvent
effects on the heterogeneous synthesis were studied systematically
by using solvents with various structures and polarities. We also
conﬁrmed mechanical properties of the obtained thermoplastics to
be usable for durable products. Moreover, a mechanism for the
heterogeneous process was suggested by analyzing the bulk
products and their chloroform-soluble fractions in detail.
2. Experimental
2.1. Materials
Cellulose powder (KC FLOCK, W50GK, DP: 1300, purity:
95e97%) made from wood pulp was supplied by Nippon Paper
Industries Co., Ltd., Japan. The cellulose powder’s diameter was
10e50 mm and length was 100e500 mm, as we measured by
observation with a digital microscope (Keyence, VHX-2000). We
synthesized 3-pentadecylphenoxy acetic acid (PAA), which is hy-
drogenated and carboxymethylated cardanol, as has previously
been reported [20]. Acetic anhydride, N,N-dimethylformamide
(DMF), N-methylpyrrolidone (NMP), DMAc, pyridine (Py), 1,4-
dioxane, tetrahydrofuran (THF), propylene carbonate (PC), dime-
thylsulfoxide (DMSO), triethylamine (TEA), benzonitrile, chloro-
form and methanol were used as supplied by Kanto Chemical Co.,
Inc., Japanwithout any further puriﬁcation. Hexamethylphosphoric
triamide (HMPA) purchased from Tokyo Chemical Industry Co., Ltd.,
Japan, 2-propanol purchased from Tokuyama Corp., Japan, and N,N-
dimethylaminopyridine (DMAP) purchased from Sigma-Aldrich Co.LLC., U.S.A. were also used as received without any further
puriﬁcation.
2.2. Preparing PA-Ac mixed anhydrides
Mixed anhydrides, which were used as esteriﬁcation reagents in
this study, were prepared as follows. PAA (40.2 g, 111 mmol, 3 eq
per anhydroglucose unit (AGU)) and acetic anhydride (21.0 ml,
222mmol, and 6 eq/AGU) weremixed at 100 C for 1 h. As shown in
Scheme 1, the liquid product consisted of three acid anhydrides and
two acids: acetic anhydride (43.0 mol%), PA-Ac mixed anhydride
(20.8 mol%), anhydride of PAA (2.0 mol%), acetic acid (24.2 mol%),
and PAA (10.0 mol%). These molar ratios were calculated from
proton nuclear magnetic resonance (1H NMR) spectra.
2.3. Typical heterogeneous synthesis of cardanol-bonded cellulose
thermoplastics (bulk products)
The design for the heterogeneous process is shown in Scheme 2.
A heterogeneous product using DMF as a solvent was synthesized
as follows. Cellulose powder with 6% adsorbed water (6.0 g by dry
weight and 37 mmol/AGU) was stirred in de-ionized water (90 ml)
overnight and the resulting dispersion liquid was ﬁltered off by
vacuum ﬁltration. The swollen substrate was stirred twice in acetic
acid (90 ml) overnight and isolated by vacuum ﬁltration each time.
DMF (150 ml) and 4-dimethylaminopyridine (DMAP) (3.0 g and
25 mmol) were added to the mixed anhydride; the pre-treated
cellulose with about 8 g of the adsorbed acetic acid was then
dispersed. The resulting dispersion liquid was stirred at 100 C for
up to 15 h under a dry nitrogen atmosphere. After it had been
cooled down to 60 C, methanol (1.5 L) was added to precipitate the
soluble fraction. Cellulose esters were separated by vacuum ﬁltra-
tion, washed three times with 2-propanol (200 ml) at 60 C, and
dried in a vacuum for 5 h at 105 C to obtain 12.6 g of brownpowder
as a “bulk product”. Its degrees of substitution (DS) were calculated
from Fourier transformed infrared (FTIR) spectra (DSPA ¼ 0.57,
DSAc ¼ 1.8). The method of DS calculation by FTIR was described in
“DS calculation” section. The yield of the bulk product calculated
from the DS was 78 wt%.
The method described above was used to prepare other prod-
ucts with different solvents. The solvents we examined in this study
are plotted in Fig. S1 (shown in supplementary material), in terms
of relative polarities and donor numbers (DN). DN is a quantitative
measure of Lewis basicity. The solvents were grouped into several
types, i.e., ether- (dioxane and THF), high polar- (DMSO and PC),
high basic- (TEA), middle basic- (DMF, NMP, DMAc, Py and HMPA),
and low basic-types (benzonitrile and chloroform). The same
quantity of each solvent was used and reaction temperatures and
times were kept constant (100 C, up to 15 h). When using THF, TEA
and chloroform, the reaction temperatures were their boiling
points (THF: 66 C, TEA: 90 C, Chloroform: 61 C).
2.4. Fractionation of bulk products
The bulk products obtained in several solvents (0.2 g) were
placed into screw tubes with precise weighing, and chloroform
(15 ml) was added to them. After they had been vigorously shaken
for several minutes, the chloroform-insoluble fractions were
ﬁltered off, and dried in a vacuum for 3 h at 105 C. On the other
hand, the chloroform-soluble fractions were obtained by the eval-
uation of chloroform.
2.5. Measurements
FTIR spectra were recorded on a Jasco FTIR-4100
Scheme 1. Preparation of long and short mixed anhydrides.
Scheme 2. Synthesis of cardanol-bonded cellulose thermoplastic in the heterogeneous process.
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were obtained with a JEOL EX 400 MHz NMR spectrometer at
ambient temperature. Differential scanning calorimetric (DSC) an-
alyses were performed using a Seiko DSC6200/EXSTAR6000
apparatus. The samples were ﬁrst cooled to 100 C and then
heated to 230 C at a scanning rate of 10 C/min, maintained at
230 C for 3 min (ﬁrst heating scan), and immediately quenched to
100 C at a rate of 50 C/min. The second heating scans were run
from 100 to þ250 C at a scanning rate of 10 C/min to record
stable thermograms. The data for the glass transition temperature
(Tg) were obtained from the second run and those corresponded to
the midpoint of discontinuity in the heat ﬂow. Polarized optical
micrographs (POM) were taken using a digital microscope with
cross polarizers (Keyence, VHX-2000) at ambient temperature.
Wide-angle X-ray diffraction (WAXD) patterns were recorded with
a Rigaku RINT 2000 with a monochromator-treated Cu Ka radiation
(l ¼ 0.15418 nm) at 40 kV and 40 mA by using the diffraction
method.
Mechanical properties were characterized through bending
measurements according to the American Society for Testing and
Materials (ASTM) D790 standard by using an INSTRON5567 testing
system. Bar-type specimens (2.4  80  12.4 mm) of bulk products
weremolded using a tabletop test pressmachine (Tester Sangyo Co.
Ltd., SA-303-II-S) operating at 210 C.2.6. DS calculation
Because the bulk products consisted of soluble and insoluble
components, the DS values of bulk products were evaluated from
the peak heights of the FTIR absorbance spectra [21] to conﬁrm
total DS. The DS of long chain moiety (DSPA) was calculated usingthe signal of the aromatic ring at 1586 cm1 and the total DS
(DStotal), sum of the DSPA and DSAc (the DS of short chain moiety),
was calculated using that of C¼O carbonyl stretching at 1750 cm1.
The heights of these peaks were normalized by the peak height of
the CeO ether stretching of the glucose unit at 1050 cm1. Same
type of mixed cellulose esters were synthesized from CDA by the
homogeneous process, and the calibration curves between the peak
heights of the FTIR spectra and DS values were formed by
measuring both the FTIR and NMR spectra of these homogeneous
samples to prove the quantitative nature of FTIR analysis. The
calibration curves and their details have been presented in sup-
plementary material and a previous report [20].
After the bulk products had been fractionated, the DS values of




3 Id3:05:5  2 Id0:86
DSAc ¼
7 Id1:82:2
3 Id3:05:5  2 Id0:86
;
where Id0.86 denotes the integrals of the triplet peak at d0.86
assigned to the terminal methyl protons in the PA group, Id3.05.5
denotes the integrals of the multiple peaks from d3.0 to d5.5
including the AGU protons and the methylene protons next to the
carbonyl group in the PA group, and Id1.82.2 denotes the integrals of
the multiple peaks from d1.8 to d2.2 assigned to the acetyl protons.
Fig. 2. FTIR spectra of native cellulose (0 h) and bulk products (6 and 12 h) obtained in
NMP.
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The liquid retention value (LRV) is deﬁned as the ratio of organic
solvents to cellulose [22]. It is used to measure the swelling of
cellulose in solvents, and was adopted as an index of afﬁnity of a
solvent for cellulose in this study. Filter papers made of linter pulp
(diameter: 40 mm)with 2% adsorbed water were immersed in each
solvent for 1 h at ambient temperature. After being drawn up from
the solvent, the ﬁlter papers were wiped free of drops on the sur-
face within 10 s, and weighed. The LRV of cellulose for each solvent
was calculated from the weight of ﬁlter papers before and after




where W denotes the weight of ﬁlter papers after they were
immersed, W0 denotes their weight before they were immersed,
and d denotes the density of each solvent.
3. Results and discussion
Cardanol-bonded cellulose thermoplastics were synthesized in
various solvents by esteriﬁcation of cellulose with mixed anhy-
dride, which was an important esteriﬁed reagent to simultaneously
bond long and short side chains to cellulose. Synthesizing mixed
anhydrides from acetic anhydride and long chain carboxylic acid is
a particularly efﬁcient procedure to produce the mixed cellulose
esters because it is not necessary to prepare long chain carboxylic
acid anhydrides [23,24]. We have also synthesized the cardanol-
bonded cellulose thermoplastics, using PA-Ac mixed anhydrides
[20]. The mixed anhydrides were therefore used as an esteriﬁed
reagent in this study.
Products were partially dissolved in solvents with the reaction
in the heterogeneous process, and they consisted of soluble and
insoluble components. The reaction solution blackened, especially
when the reactivity of long side chainmoiety was high, and became
a highly viscous slurry because of increasingly soluble components.
Solvent effects on the heterogeneous synthesis of cardanol-bonded
cellulose thermoplastics were investigated through two experi-
ments. First, all components were collected as “bulk products” by
precipitation with methanol from the reaction mixtures, and they
were directly analyzed in the solid state using FTIR, DSC, and
WAXD. Second, the bulk products were fractionated to chloroform-
soluble/insoluble fractions by using chloroform. The chloroform-
soluble fractions were analyzed in detail by solution NMR.
3.1. FTIR analysis of bulk products
The bonding of long and short side chains to cellulose was
conﬁrmed through the FTIR spectra of bulk products. The FTIR
spectra of the bulk products obtained with NMP are illustrated in
Fig. 2 as typical examples. A decrease in the intensity and a shift in
the hydroxyl group characteristic band at 3400 cm1 (eOH
stretching) were observed with increased reaction times. This dif-
ference indicates that a large number of eOH groups were
substituted. This phenomenon was linked with an increase in the
intensity of the characteristic signals of the eCeH alkyl bonds at
2800e2900 cm1 (eCHeantisymmetric and symmetric stretching
of eCH2e and eCH3), which corresponded to the presence of the
long alkyl chains in the PA groups. A concomitant appearance of
two new bands was also observed. The ﬁrst one was at 1586 cm1,
which is characteristic of the aromatic ring groups, and means the
PA groups had been incorporated into the products. The second one
was at 1750 cm1 (eCO stretching), which corresponded to thevibration of carbonyl ester groups, and meant substituents had
been directly linked to cellulose. The DS values (DSPA and DSAc) of
the bulk products were evaluated from the peak heights of the
1586 cm1 and 1750 cm1 values normalized by the peak height of
the CeO ether stretching of the glucose unit at 1050 cm1, as was
described in the experimental section.
The DSPA and DSAc of the bulk products with several solvents
calculated with FTIR are plotted in Fig. S3 (shown in supplementary
material). TheDSPA increasedwith increasing reaction time, and the
reactivity of long chain (PA) moiety was predictably different for
every solvent. Although no remarkable differences were seen in
DSAc because this value was indirectly evaluated, high DSAc as a
whole appeared in the solvent, which indicated high DSPA. Table 1
lists the DS of bulk products at 12 h of reaction time with all the
solvents we examined in this study. In the middle basic-type sol-
vents except HMPA (DMF, NMP, DMAc and Py), DSPA of the bulk
products achieved 0.5, and PA moiety was of high reactivity. The
reactivity of PA moiety in the other types of solvents was relatively
low. Popular parameters of solvents such as donor number,
acceptor number, relative permittivity, dipole moment, relative
polarity, and polarizability did not have any correlation with the
differences in reactivities according to these results. We therefore
expected the afﬁnity of each solvent for cellulose was an important
parameter because amide-type solvents such as DMF are known to
be well-swollen solvents for cellulose [25].3.2. Effect of afﬁnity of solvents for cellulose
The liquid retention value (LRV) of cellulose was estimated as an
index of the afﬁnity of a solvent for cellulose (Table 1) to determine
the cause of the different reactivities of PA moiety that were
explained above. As a result, we found there was a strong positive
correlation between the DSPA of bulk products and LRV. As can be
seen from Fig. 3, the correlation coefﬁcient (r) without dimethyl
sulfoxide (DMSO) reached 0.94. LRV not only strictly includes the
chemical swelling effect, but the physical imbibition effect in the
porosity of the ﬁlter paper. The latter in these two effects of LRV has
been known to conform to Lucas-Washburn equation with the
viscosity and surface tension of the liquids [26]. However, the
Lucas-Washburn’s penetration values calculated from the param-
eters of the liquids did not have a correlation with the DSPA of bulk
products. Therefore, the chemical swelling effect played a signiﬁ-
cant role in this case and indicated that strong swelling solvents
increased the distance between crystals and the accessible surface
area of the cellulose, which led bulky PAmoieties into the depths of
the cellulose. On the other hand, the highest LRV of DMSO was not
Table 1
Various parameters and LRV of solvents, and DS of bulk products and chloroform-soluble fractions (reaction time: 12 h).
Group Solvent DNa ANb ETN
c
LRVd [vol%] Bulk product (FT-IR) Chloroform-soluble fraction (1H NMR)
DSAc DSPA DSAc DSPA DSTotal
Ether type Dioxane 14.8 10.8 0.164 93 ± 10.3 1.8 0.31 2.30 0.65 2.95
THF 20.0 8.0 0.207 70 ± 9.3 1.6 0.11 2.27 0.64 2.92
High polar type PC 15.1 18.3 0.472 86 ± 2.2 1.3 0.21 1.52 1.56 3.08
DMSO 29.8 19.3 0.444 180 ± 6.3 1.2 0.15 1.22 1.64 2.86
High basic type TEA 61 d 0.043 61 ± 1.7 2.2 0.04 2.83 0.14 2.97
Middle basic type DMF 26.6 16.0 0.386 129 ± 4.2 1.8 0.57 2.32 0.76 3.08
DMAc 27.8 13.6 0.377 112 ± 12.7 2.0 0.55 2.42 0.65 3.07
NMP 27.3 13.3 0.355 104 ± 2.7 2.1 0.53 2.43 0.63 3.06
Py 33.1 14.2 0.302 109 ± 12.1 1.8 0.48 2.45 0.50 2.95
HMPA 38.8 10.6 0.315 83 ± 2.5 1.8 0.14 2.51 0.49 3.00
Low basic type Benzonitrile 11.9 15.5 0.333 84 ± 0.8 1.4 0.11 1.03 1.97 3.00
Chloroform d 23.1 0.259 74 ± 3.6 1.2 0.06 n.d.e n.d.e n.d.e
a Donor number.
b Acceptor number.
c Relative polarity (empirical solvent parameter).
d Liquid retention value.
e The amount of chloroform-soluble fraction was too small for NMR analysis.
Fig. 3. Correlation between DSPA of bulk product and liquid retention value.
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the occurrence of “Pummerer rearrangement” as a side reaction
whereby alkyl sulfoxide was rearranged to an a-acyloxy-thioether
in the presence of acetic anhydride. The generation of a-acyloxy-
thioethers was conﬁrmed by NMR analysis of the reacted solution
in this study. The consumption of the acid anhydrides by this side
reaction therefore prevented the esteriﬁcation of cellulose with
long and short chain moieties in DMSO.3.3. Characterization of the bulk products
The mechanical and thermal properties of several representa-
tive bulk products are summarized in Table 2. The products with
high DSPA obtained in the amide-type solvents (NMP and DMF) had
sufﬁcient thermoplasticity, and were able to be molded into test
pieces by press molding. Their bending strength andmodulus were
at the same levels as those of conventional homogeneous products
(PA-CDA) synthesized from CDA. However, the products withTable 2
Solvent FTIR Bending
DSAc DSPA Strength
NMP 2.1 0.53 50
DMF 1.8 0.57 47
Dioxane 1.8 0.31 e
THF 1.6 0.11 e
(ref) Homogeneous product (PA-CDA) 2.1 0.56 51relatively low DSPA obtained in the ether-type solvents (dioxane
and THF) exhibited inadequate thermoplasticity formolding. Fig. S4
(shown in supplementary material) has DSC thermograms of four
representative bulk products. The thermoplastic portions of the
bulk products are amorphous because there are no endothermic
melting peaks around high temperature. This feature can be
interpreted as the random bonding of long and short side chains to
the cellulose backbone. The glass transition temperature (Tg) of
bulk products around 140 C decreased with increasing DSPA due to
the role of PA groups as internal plasticizers. Moreover, the endo-
thermic peak at 20 C was notably observed with high DSPA. This
was likely to have originated from order-disorder transitions of PA
side chains.
Thin brown ﬁlms were formed by hot-pressing the bulk prod-
ucts obtained in amide-type solvents (DMF and NMP) at 210 C
(Fig. 4a). Although these ﬁlms seemed visually semitransparent,
polarized optical micrograph (POM) observations revealed that the
bulk products contained ﬁbrous crystalline materials with bire-
fringence dispersed in a thermoplastic amorphous matrix (Fig. 4b).
The WAXD pattern of the bulk product prepared in NMP was
recorded to enable detailed analysis. The bulk product prepared in
DMF showed similar POM observation and WAXD pattern. As seen
in Fig. 5, an amorphous halo at 2q ¼ 18 and a single sharp
diffraction peak at 2q ¼ 2.8 (d ¼ 3.16 nm) were mainly observed.
The latter single sharp peak must have originated from the peri-
odicity of the columnar hexagonal packing of the cellulose back-
bone chain, which is in line with other long chain cellulose esters
[27,28]. The ﬁbrous crystalline materials observed in Fig. 4b were
conﬁrmed to be unreacted cellulose from the existence of the
shoulder peak at 2q ¼ 22.1 next to the amorphous halo and the
small peak at 2q ¼ 34.6, which were respectively assigned to the
diffraction planes of 002 and 004 of cellulose I. Moreover, three
small peaks at 2q ¼ 8.1, 10.4, and 13.1 were observed. These are
characteristic patterns of crystalline structure of cellulose triacetatetest DSC






Fig. 4. (a) Press ﬁlm of bulk products and (b) its POM observations.
Fig. 5. WAXD pattern of bulk product (solvents: NMP, DSAc 2.1, and DSPA 0.53). Closed
circles: the diffraction planes of cellulose I. Open circles: typical patterns of cellulose
triacetate (CTA) II.
Fig. 6. Correlation between relative polarity of solvent and DSPA of chloroform-soluble
fractions in various solvents.
S. Tanaka et al. / Polymer 99 (2016) 307e314312(CTA) II [29]. It has been conjectured that there was a little CTA
region only bonded with short chains in the bulk product obtained
from the reaction of the long and short mixed anhydrides.
3.4. Fractionation of bulk products
Aswas explained at the beginning of the results section, the bulk
products consisted of soluble and insoluble portions. The bulk
products were fractionated to chloroform-soluble/insoluble frac-
tions with chloroform, and the chloroform-soluble fractions were
analyzed in detail by solution NMR.
First, theweight ratio of chloroform-soluble fractions in the bulk
products was investigated. The weight ratio increased with
increasing reaction time, and the reaction solvents affected the
weight ratio. As can be seen in Fig. S5 (shown in supplementary
material), there was a positive correlation (r ¼ 0.86) between the
weight ratio of chloroform-soluble fractions and the DSPA of bulk
products. Therefore, the degree of long-chain esteriﬁcation is re-
ﬂected by the weight ratio of chloroform-soluble fractions.
Second, the structure of the chloroform-soluble fractions was
analyzed with 1H NMR. Fig. S6 (shown in supplementary material)
shows the 1H NMR spectrum of the representative chloroform-
soluble fractions. Table 1 lists the DS of each moiety in several
solvents, and indicates the total DS (DSTotal), which is the sum of
DSPA and DSAc, is almost three regardless of the solvent. This means
that only cellulose molecules whose hydroxyl groups were all
substituted could dissolve into the solvents. The reaction of cellu-
lose with the long and short chain moieties in this heterogeneousprocess was consistent with a reactive dissolution of outer chains
from the ﬁbril bundle; therefore, the soluble fractions corre-
sponded to these outer chains.
As listed in Table 1, the DSPA of the chloroform-soluble fractions
achieved 1.5, especially when using propylene carbonate (PC). The
PAmoiety in this fraction bonded to cellulose with the same degree
as short chain (Ac) moiety. Because this feature demonstrated a
different tendency from that of the DSPA of bulk products listed in
Table 1, the DSPA of the chloroform-soluble fractions was unrelated
to the afﬁnity of the solvent for cellulose. Therefore, we examined
various parameters for the solvent, and found that relative polarity
had a correlation with the DSPA of chloroform-soluble fractions.3.5. Effect of solvent’s polarities
The correlation between the relative polarity (the empirical
solvent parameter: ETN) of the solvents and the DSPA of chloroform-
soluble fractions is plotted in Fig. 6. The values for relative polarity
are normalized from measurements of the solvatochromism of a
pyridinium N-phenolate betaine, and are one of the relative mea-
sures of its chemical polarity [30]. When the relative polarity was
high, especially more than 0.4, i.e., in polar solvents, high DSPA was
observed, although the weight ratios of chloroform-soluble frac-
tions were relatively low (see Fig. S6 in supplementary material).
This phenomenon is probably explained with the catalytic activity
of N, N-dimethylaminopyridine (DMAP).
An excess auxiliary base such as triethylamine is added to
typical acylation using an acid anhydride and DMAP as a catalyst to
prevent the deactivation of DMAP by protonationwith a by-product
acid [31]. However, the auxiliary base did not add to the process in
this study. The ease of the protonation of DMAP in such a system
Fig. 7. Conjectured schematic of heterogeneous process.
S. Tanaka et al. / Polymer 99 (2016) 307e314 313with an absence of the auxiliary base is inﬂuenced by solvent po-
larity [32]. Thus, the protonation of DMAP with a by-product acid
was presumably promoted in high polar solvents with high values
for relative polarity such as DMSO and PC. The resulting deactiva-
tion of DMAP brought about the decreasing reactivity of acetic acid
anhydrides, so that DSAc of chloroform-soluble fractions must have
decreased, and DSPA relatively increased in these solvents. In
contrast, remarkably low DSPA was observed when TEAwas used as
the reaction solvent. This phenomenonwas due to the high basicity
of TEA, which acted as an auxiliary base. In TEA, the deactivation of
DMAP was prevent, so that the reactivity of acetic acid anhydirides
increased and DSAc of chloroform-soluble fractions must have
increased, resulted in decreasing DSPA.
3.6. Mechanism for the heterogeneous process
The conjecturedmechanism for the heterogeneous process from
the results so far is suggested to be that in Fig. 7, consisting of three
steps. (A) First, an amorphous portion of cellulose swells due to
pretreatment of the cellulose and penetration of the reaction sol-
vent. (B) Second, bonding of PA and Ac moieties to the hydroxyl
group of the cellulose begins at outer chains of the ﬁbril bundle
under a high reaction temperature. The polarity of the solvent then
inﬂuences the bonding ratio of PA and Ac moieties. Moreover, the
cellulose molecules in which all hydroxyl groups are substituted
and where the total DS almost becomes three dissolve into the
solvents. (C) Third, when the reaction extends to the depths of the
cellulose, how far the PAmoiety canmake inroads into the depths is
affected by the afﬁnity of the solvent for cellulose. Furthermore,
modicum CTA II is partially formed by only bonding Acmoiety in an
unreachable portion for PA moiety in the innermost cellulose. The
mixtures including various DS and structures should be obtained as
bulk products in the heterogeneous process through such mecha-
nisms. PA moiety in bulk products should mainly bond in the sur-
face and swollen amorphous parts of the cellulose, while the ratio
of DS of Ac moiety should increase in the depths of the cellulose.
4. Conclusions
Solvent effects on the one-pot heterogeneous synthesis of
cardanol-bonded cellulose thermoplastics were investigated by
using solvents with various structures and polarities. As a result,
two important properties of the solvents: their afﬁnity for cellulose
and the polarity of reaction solvents inﬂuenced the reactivity of PA
and Ac moieties in the heterogeneous process. The higher afﬁnityfor cellulose created a higher reactivity of PAmoiety because strong
swelling solvents increased the distance between crystals and the
accessible surface area of the cellulose, which led bulky PAmoieties
into the depths of the cellulose. The polarity of solvents, on the
other hand, affected the reaction ratio of PA and Ac moieties. This
must have been mainly attributed to the catalytic activity of DMAP.
Especially, DMF, DMAc, NMP and Pywhich have the high afﬁnity for
cellulose were good for the efﬁcient heterogeneous synthesis of
cardanol-bonded cellulose thermoplastics. The thermoplastics
prepared in these selected solvents had adequate degree of sub-
stitutions of long and short chain moieties, and sufﬁcient me-
chanical properties, which were comparable to the homogeneous
products, to use in durable products such as electric devices in
addition to general products. Moreover, the conjectured reaction
mechanisms of PA and Ac moieties for the heterogeneous process
were suggested by these results. Consequently, PA moiety in the
bulk products should mainly bond in the surface and swollen
amorphous parts of the cellulose, while Acmoiety not only exists in
these reactive parts but in the depths of the cellulose.
These ﬁndings on systematic solvent effects and the mechanism
responsible for the heterogeneous process should make important
contributions to the mass production of long and short chain-
bonded cellulosic thermoplastics through the heterogeneous pro-
cess, and they are expected to promote their practical use. We are
currently investigating other types of long chain moieties such as
popular fatty acyl groups made from renewable resources.
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